The objective of the study was to evaluate the effect of pretreatments such as gonadectomy in male and female rats, and gonadotropin-releasing hormone agonist (GnRHa) administration in female rats, on levels of secretion of melatonin, using an organ culture of pineal glands. Gonadectomy 2 weeks before the animal was killed increased the amount of melatonin secreted into the medium by the pineal glands of female rats but not of male rats. The increase in in vitro melatonin secretion after ovariectomy in female rats was prevented by estrogen replacement. Ovariectomy 3 and 4 weeks before death also significantly increased the amount of melatonin secretion. Administration of GnRHa 2 weeks before decapitation significantly decreased serum estradiol concentrations and significantly increased melatonin secretion by the pineal glands of female rat. GnRHa administration 3 or 4 weeks before decapitation also significantly decreased serum estradiol concentrations, but did not increase pineal secretion of melatonin. The results indicate that ovariectomy increases melatonin secretion from organ-cultured pineal glands and that this increase is suppressed by estrogen in adult female rats. In contrast, orchiectomy in male rats does not influence in vitro secretion of melatonin. These results suggest that the GnRH-gonadotropin system may participate in the regulation of pineal melatonin secretion in adult female rats.
Introduction
Although mammalian melatonin production is mainly controlled by the photoperiod through a noradrenergic mechanism (1, 2) , evidence suggests that circulating concentrations of reproductive hormones influence pineal indole metabolism (3) (4) (5) . Sex steroid receptors have been identified in the rat pineal gland (6) . Estradiol increases rat pineal melatonin content, and testosterone decreases it (7) . However, contradictory findings have been reported on the effects of gonadectomy on melatonin synthesis or secretion in male (8) (9) (10) (11) and female (9, (11) (12) (13) (14) (15) (16) rats. Furthermore, relatively few data on the effect of orchiectomy on melatonin production have been reported when compared with those on ovariectomy in rats.
Gonadotropin-releasing hormone (GnRH) receptors have been identified in the monkey pineal gland (3) , and GnRH influences the activity of protein synthesis in rat pinealocytes (17) . In addition, administration of GnRH agonist (GnRHa) to women increases nocturnal serum melatonin concentrations (18) . These results suggest that GnRH may influence melatonin secretion by pineal glands.
In the present study, we evaluated the effect of gonadectomy in male and female rats, and that of GnRHa administration in female rats, on the levels of secretion of melatonin, using an organ culture of pineal glands. In addition, we examined the effect of estrogen replacement on the secretion of melatonin.
Materials and methods

Animals
Wister-Imamichi rats were maintained under controlled conditions (22-23 ЊC, humidity 50-60%) with a photocycle of 12 h light : 12 h darkness (light on between 06.30 and 18.30 h). Light intensity in the holding room was about 300 lux. The animals had Purina rat chow and water available ad libitum. Animals were killed by decapitation at 65 days of age (230-250 g body weight) at 1300 h, without anesthesia, and then intact pineal glands were removed and immediately organ-cultured as described below. Trunk blood was collected and centrifuged at 1500 r.p.m. for 15 min. The serum was then stored at ¹80 ЊC until required for estradiol RIA.
Experimental procedure
Experiment 1 Pineal glands from 65-day-old male rats that had been either orchiectomized or sham-operated at 51 days of age were incubated.
Experiment 2
Pineal glands from 65-day-old female rats that had been ovariectomized at 51, 44 and 37 days of age or sham-operated at 51 days of age were cultured. Other 65-day-old rats that had been ovariectomized at 51 days of age were given 20 mg 17-b estradiol benzoate (Sigma, St Louis, MO, USA) subcutaneously 3 days before they were killed, and their pineal glands were also cultured.
Experiment 3
Pineal glands from 65-day-old female rats that had been administered 0.3 mg/kg body weight GnRHa (leuprorelin acetate, Leuplin, Takeda, Tokyo, Japan) subcutaneously at 51, 44 and 37 days of age, or from rats that had been given saline subcutaneously at 51 days of age, were incubated. 
Organ culture
Organ cultures were prepared as described by Klein & Rowe (19) . Each pineal gland was placed on a filter (HAWP 02500; Millipore Corp, Bedford, MA, USA) that was resting on a polystyrene organ tissue culture dish (Falcon organ culture dish 3037; Becton Dickinson Labware, Franklin Lakes, NJ, USA) so designed that 1000 ml culture medium, BGJb FittonJackson modification (pH 7.65, Gibco, Grand Island, NY, USA) filled the culture well and moistened the filter paper. The medium was supplemented with ascorbic acid (0.1 mg/ml), glutamine (0.2 mM), bovine serum albumin (1 mg/ml), penicillin (100 U/ml) and streptomycin (100 mg/ml). The medium was changed every 2 h over a 12-h period and aspirated culture media was stored at ¹80 ЊC until required for melatonin RIA.
Melatonin and estradiol RIAs
Melatonin concentrations in the medium were determined by RIA as described previously (20) . Assay sensitivity was 15 pg/ml, the intra-assay coefficients of variation were 4.5-8.3% and the interassay coefficients of variation were 7.2-16.3%, depending on the concentration used. All results are based on duplicate determinations. Serum estradiol concentrations in the female rats were measured using a commercial RIA kit using COAT-A-COUNT (Diagonostic Products Corporation, Los Angeles, CA, USA).
Statistics
Data are expressed as means Ϯ S.E. Differences in mean values were analyzed by paired or unpaired Student's t-test or Mann-Whitney U-test, as appropriate. The area under the curve (AUC) was calculated from melatonin values obtained at each time point using the trapezoidal rule and the formula 1/2{2(a + b)} between any given two data points, where 2 stands for the distance between sampling points in hours, a is the melatonin value in the medium at the first point of a given 2-h period, and b is the melatonin value at the end of the 2-h period.
Results
After 12 h of organ culture, no central necrosis was histologically evident (data not shown). No significant difference was detected between the amount of melatonin secreted by pineals from orchiectomized and sham-operated rats (Fig. 1a) . However, the amounts of melatonin secreted by pineals from female rats 2 weeks after ovariectomy were greater than those from sham-operated rats between 0 and 6 h of culture (Fig. 1b) . Melatonin secretion in AUC of pineals from rats 2, 3 and 4 weeks after ovariectomy was significantly greater than that of sham-operated rats (Fig. 2) .
In vitro melatonin secretion by pineal glands from female rats that had been administered estradiol after
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www.eje.org Figure 4 Effect of GnRHa administration 2 weeks before decapitation on in vitro secretion of melatonin from pineal glands of 65-day-old female rats. X, SA, saline injection at 51 days of age; B, GnRHa, GnRHa administration at 51 days of age. Each point and vertical line represent the mean Ϯ S.E. (n ¼ 5). *P < 0.05, **P < 0.01 compared with values in salineadministered rats. ovariectomy was not significantly different from that by glands from sham-operated animals during the 12-h incubation period (Fig. 3) . Mean circulating concentrations of estradiol in ovariectomized rats at the time they were killed were significantly lower than those in sham-operated rats; estradiol replacement restored the serum concentrations to the preovariectomy values (Table 1) .
When GnRHa was administered to female rats 2 weeks before decapitation, in vitro melatonin secretion from the pineal glands significantly increased during the 12-h incubation period (Fig. 4) . Administration of GnRHa 2 weeks before decapitation significantly increased mean AUC values of in vitro secretion of melatonin from the pineal glands compared with those in controls (Fig. 5) . However, administration of GnRHa 3 weeks before decapitation did not affect the mean AUC values. In contrast, its administration 4 weeks before decapitation significantly reduced the mean AUC values. Mean circulating concentrations of estradiol in GnRHa-administered rats were significantly lower than those in saline-injected rats (Table 2) .
Discussion
This study has shown that gonadectomy in female, but not in male, adult rats increased the in vitro secretion of melatonin from organ-cultured pineal gland (Figs 1 and 2) . Estrogen replacement restored melatonin secretion to the levels observed in intact female rats (Fig. 3) . Ovariectomy has been generally reported to increase the pineal or serum concentrations (or both) of melatonin in rats (12, 15, 16) . Administration of estrogen decreases isoproterenol-induced increases in pineal melatonin in ovariectomized rats (11, 21) . The present study supports these past reports, which revealed that ovariectomy in rats increases melatonin production and that estrogen replacement reverses the melatonin concentrations to preovariectomy values. In contrast, White et al. (14) found that ovariectomy of mature rats decreased urinary excretion of 6-sulphatoxy melatonin, the metabolite of melatonin, and that administration of estradiol restored it to values found in intact animals.
Relatively few data on the effect of orchiectomy on melatonin production have been reported, compared with those on ovariectomy in rats. Most reports have suggested that orchiectomy caused a reduction in the pineal production of melatonin, as demonstrated by the changes in different parameters such as melatonin-synthesizing enzyme activities (8, 10) . However, the present study demonstrated that orchiectomy in adult male rats did not significantly change the secretion from pineal glands removed during the day.
Administration of GnRHa 2-4 weeks before decapitation decreased the serum estradiol concentrations (Table 2 ). In vitro secretion of melatonin from pineal glands of female rats was increased at 2 weeks after GnRHa administration compared with that from salineadministered controls (Figs 4 and 5) . Thus the hypoestrogenic state resulting from GnRHa administration caused an increase in melatonin secretion from organcultured pineals from female rats. However, in vitro secretion of melatonin from pineals was decreased at 4 weeks after GnRHa administration (Fig. 5) . It has been shown that GnRH receptor is present in the monkey pineal gland (3) , that GnRH influences the activity of protein synthesis in rat pinealocytes (17) and that administration of GnRHa to women increases nocturnal serum melatonin concentrations (18) , suggesting that GnRH may participate in the modulation of melatonin production. Vacas et al. (22) Table 2 Effect of administration of GnRHa on serum estradiol in 65-day-old female rats at the time of decapitation. Each value represents the mean Ϯ S.E. (n ¼ 5).
Group
Estradiol (pg/ml) SA 47:3 Ϯ 11:3 GnRHa -2 2:4 Ϯ 0:9** -3 4:7 Ϯ 2:2** -4 7:3 Ϯ 3:2** SA, saline injection at 51 days of age; GnRHa-2, -3 and -4, GnRHa administration at 51, 44 and 37 days of age, respectively. ** P < 0:01 compared with values in salineadministered rats.
in vitro melatonin secretion from pineal glands removed from adult male rats was increased significantly by the addition of luteinizing hormone to the medium, but decreased by the addition of follicle-stimulating hormone. These reports and the present results suggest that GnRH and gonadotropins, in addition to gonadal steroids, may modulate the pineal levels of secretion of melatonin.
